Productivity and efficiency change lies at the heart of some of the key development challenges facing China's economy, the world's largest developing economy and second largest overall. This paper computes and decomposes provincial-level Hicks-Moorsteen TFP indexes for the period 1978 to 2008.
2 literature by computing and decomposing provincial-level Hicks-Moorsteen (H-M) TFP indexes. As we will show in more detail later, the H-M index is appealing because, unlike the more commonly-used Malmquist TFP index, it can be decomposed into unambiguous measures of technical change and efficiency change. Moreover, the efficiency change component can be further decomposed into measures of pure technical, scale and mix efficiency change. Such decompositions of efficiency change are useful for at least two reasons. Firstly, not all types of efficiency improvements are associated with increases in net income. For example, if prices are constant then an increase in technical efficiency will always increase net income, but improvements in scale and mix efficiency may lower net income if markets are not perfectly competitive (O'Donnell, 2010a) . To determine whether changes in total efficiency are associated with improvements or declines in net income (and welfare) it is necessary to decompose efficiency into its technical, scale and mix components.
Secondly, different types of inefficiency typically require different public policy responses. For example, the types of policies that might be needed to address technical inefficiency (e.g., education, training and extension programs) are quite different from those that might be employed to address scale and mix inefficiency (e.g. exchange rates, taxes, subsidies and other policies that affect relative prices).
Thus, the decomposition methodology we employ allows for a more complete and nuanced understanding of provincial productivity change and associated public policies. Importantly, our methodology does not require strong assumptions concerning the economic characteristics of the production technology or the nature of technical change. Nor does it require any assumptions concerning the degree of competition in input or output markets.
The outline of the paper is as follows. Section 2 reviews the findings of previous studies that have considered productivity change at the provincial level in China. Section 3 reveals how productivity and efficiency can be measured within the aggregate-quantity framework of O'Donnell (2008) . Section 4 shows how this framework can be used to motivate an important class of productivity indexes that can be decomposed into a measure of technical change and various measures of efficiency change. Section 5 makes explicit the different assumptions underpinning the stochastic frontier analysis (SFA), data envelopment analysis (DEA) and growth accounting approaches to estimating these productivity indexes. Section 6 outlines the data sources. Section 7 presents and discusses the results. Section 8 concludes.
Previous Studies
The evolution of studies seeking to measure provincial productivity change in China largely reflects methodological advancements in the broader productivity measurement literature. To our knowledge, the first study to have considered this question is Ezaki and Sun (1999) . These authors used traditional growth accounting methods to estimate TFP change and to determine the contribution of labour and capital to provincial real GDP growth over the period [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] . They found evidence of impressive TFP growth over this period: the average annual rate of TFP growth across provinces was estimated to be 3.7%. They also found evidence of considerable variation in provincial TFP growth rates. For example, the average annual rate of TFP growth was estimated to be 6.9% in Anhui compared with -0.3% in Shanghai. Miyamoto and Liu (2005) also used a growth accounting methodology to measure productivity change at the provincial level over the period [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] . They estimated that the average annual rate of TFP growth across provinces was 4.03%. A more recent study to have used growth accounting methodology is Zhu, et al., (2008) . The main innovation in that study, which covers the period 1978-2004, was to augment the production function with a measure of human capital. These authors estimated that the average annual rate of TFP growth across provinces was 3.9%. Thus, all of the studies that use a growth accounting methodology arrive at similar, and relatively high, estimates of TFP change.
As we shall see in Section 5, growth accounting methodology is underpinned by strong assumptions concerning the nature of technical change (i.e., technical change is Hicks-neutral), levels of efficiency (i.e., all provinces are fully technically, scale and mix efficient), and market structure (i.e., markets are perfectly competitive). The fact that growth accounting measures of TFP change do not account for changes in common measures of efficiency means they can only be interpreted as measures of pure technical change (i.e., shifts in the best practice frontier).
Like Ezaki and Sun (1999) , Wu (2000) sought to estimate TFP change at the provincial level over the period 1981-1995. However, he extended their work in two important ways. Firstly, he (implicitly) relaxed the growth accounting assumptions concerning technical change, technical efficiency and market structure. Secondly, he estimated the technical change and technical efficiency change components of TFP change using stochastic frontier analysis (SFA). The main finding of Wu (2000) was that technical change and technical efficiency change had contributed little to the rapid growth in provincial real GDP. While he did not present numerical results for each province, the graphs he did present and the associated discussion led him to conclude that China's provinces had a "poor record" with respect to TFP growth and that "Positive rates of TFP growth were only recorded in the 1990s" (p.287). He also found that the relatively advanced provinces of Beijing, Shanghai and Tianjin had recorded the lowest rates of TFP growth, which is consistent with the "catch up" hypothesis. Finally, he found that the TFP growth that had occurred mainly reflected efficiency change rather than technical change. Like most authors who have used SFA to undertake productivity analysis, Wu (2000) did not include measures of scale or mix efficiency change in his measure of TFP growth. Thus, his TFP index is "incomplete" in a sense that will be made clear in Section 4 below. Since Wu (2000) , several other studies have used SFA methodology to estimate provincial TFP change. Ao and Fuglitini (2005) considered the period from 1978-1998. In contrast to Wu (2000) , they estimated that the average annual rate of TFP growth across provinces was 3.3%. Chen, et al. (2009) considered the period from 1996-2004. They estimated that the average annual rate of TFP growth across provinces was 3.2%. Zhang (2008) also used SFA to measure productivity change at the provincial level. However, the purpose of the paper was mainly to advocate the adoption of a particular approach to estimate provincial capital stocks. TFP results are not presented numerically and only discussed briefly. Quo, et al. (2006) extended the literature by using an alternative frontier methodology, data envelopment analysis (DEA), to compute Malmquist indexes of TFP change over the period 1979 -2003 . Like Wu (2000 , Quo, et al. (2006) concluded that TFP growth had been low: the average annual growth rate across provinces was just 0.25%. However, in contrast to Wu (2000) , they found that the coastal provinces had recorded relatively faster TFP growth than inland provinces. Thus, their findings offered less support to the "catch up" hypothesis. They also found that low TFP growth reflected both limited technical change and efficiency change. A limitation of Malmquist TFP indexes is that they ignore the scale and mix efficiency components of TFP change and are therefore "incomplete" (O'Donnell, 2008 (O'Donnell, , 2010a . Zheng and Hu (2006) also used DEA to compute Malmquist TFP indexes for China's provinces over the period . They estimated that the average annual rate of TFP growth across provinces was 1.99% and that these gains were driven almost exclusively by technical change rather than efficiency change.
3 There is at least as much variation in these DEA estimates of TFP change as there is in the SFA estimates discussed above. Official, province-specific investment price deflators are also unavailable throughout the reform period.
Therefore, all studies make use of proxies. For example, Ao and Fulgitini (2005) used the national retail price index, while Ezaki and Sun (1999) attempted to create an investment price deflator by utilising whatever official data were available, in their case by taking a weighted average of the "producer price index of the machine building industry" and the "producer price index of building 3 Unel and Zebregs (2009) also used DEA to measure productivity change at the provincial level, although their focus was labour productivity, not TFP. 5 materials". These proxy price deflators were then applied uniformly across provinces. As has been noted by Zhang (2008) and Wu (2009) All studies have assumed the rate applies uniformly across provinces. As with the investment price deflator, assuming a uniform rate of capital stock depreciation across provinces in a country as geographically large and diverse as China is far from ideal.
Measures of Productivity and Efficiency
This paper analyses productivity and efficiency within the aggregate quantity framework of O'Donnell (2008) . The following two sections summarise this framework using language and notation appropriate to the analysis of data on N firms over T time periods. 
where it X is the minimum aggregate input possible when using a scalar multiple of it x to produce ; it q ˆi t X is the minimum aggregate input possible using any input vector to produce ; it q and it Q  and it X  are the aggregate output and input obtained when TFP is maximised subject to the constraint that the output and input vectors are scalar multiples of it q and it x respectively. The measures of inputoriented technical and scale efficiency defined by (3) and (4) are the standard measures described by Coelli et. al. (2005) and Balk (1998) . The measures of input-oriented mix and scale-mix efficiency defined by (5) and (6) are newer measures defined by O'Donnell (2008 O'Donnell ( , 2010c .
To illustrate relationships between some of these efficiency measures, O'Donnell (2008) TFP Q X and the maximum TFP that is possible using the technology available in period t is the slope of the ray passing through point E (i.e.,
The measures of efficiency defined by (2) to (6) (2008, 2010a, 2010c ).
[ Figure 2 here]
Productivity Indexes and the Components of Productivity Change
If TFP is defined as the ratio of an aggregate output to an aggregate input as in (1) then the productivity index that compares the TFP of firm i in period t with the TFP of firm h in period s is Diewert (1992) and Bjurek (1996) : 
The class of multiplicatively-complete TFP indexes also includes Paasche, Laspeyres, Tornquist, Fisher and Lowe TFP indexes, but not the popular Malmquist TFP index of Caves, et al. (1982) . O'Donnell (2008) shows that any multiplicatively-complete TFP index can be decomposed into various measures of technical change and efficiency change. An infinite number of decompositions are available, but perhaps the simplest decomposition involves the following re-arrangement of (2) The first term in parentheses on the right-hand side of (9) compares the maximum TFP possible in period t with the maximum TFP possible in period s. This is a natural measure of technical change.
The second term is a measure of overall efficiency change. The efficiency change component can be further decomposed into various measures of technical, scale and mix efficiency change. For example, equations (2), (3) and (6) can be used to write (9) in the form: Thus, TFP change can be decomposed into three intrinsically different components: a technical change component that measures movements in the production frontier; a technical efficiency change component that measures movements towards or away from the frontier; and a scale-mix efficiency change component that measures movements around the frontier surface to capture economies of scale and scope. Several other input-and output-oriented decompositions of TFP change are discussed in O'Donnell (2008 O'Donnell ( , 2010c . This paper focuses on the decompositions given by (9) and (10).
Decomposing Productivity Indexes in Practice
Decomposing productivity indexes into technical change and efficiency change components involves estimating production frontiers of the type depicted in Figures 1 and 2 . The SFA, DEA and growth accounting methodologies described in Section 2 all assume that the production frontier takes the form:
where the inequality sign allows for output shortfalls due to technical inefficiency, the time trend is included to allow for technical change, and (.) f is assumed to be i) non-negative and ii) nondecreasing and concave in inputs. However, the three different methodologies make different additional assumptions concerning this frontier. The basic SFA model assumes (e.g., Aigner, Lovell and Schmidt, 1977) : (1) and (12) together imply that this technical change term (sometimes known as the "Solow residual") can be interpreted as a measure of TFP change. Assumptions GA.5 and GA.6 mean it is possible to evaluate the aggregator function (.) X using observed factor cost shares.
We regard assumptions GA.1 to GA.5 as being overly restrictive. In this paper, we also seek to avoid the arbitrary distributional assumptions in SFA.1 to SFA.3. Accordingly, we estimate production frontiers and associated measures of efficiency and productivity change using DEA. In our empirical application there is only J = 1 output so there is no need for any assumptions concerning the output aggregator function Q(.). There are K = 2 inputs so we assume the input aggregator function is
Recall that this is the aggregator function underpinning the HicksMoorsteen TFP index given by (8). DEA linear programs for estimating the Hicks-Moorsteen TFP index (and its components) are detailed in O'Donnell (2010a).
Data
We compute and decompose binary Hicks-Moorsteen TFP indexes for thirty provinces over the period Statistical Yearbook (2009), the figure was 9.81 million. Importantly, the correlation coefficient between these two series is extremely high. For example, in the case of Beijing, the correlation coefficient is 0.97. We also estimated our model using the alternative labour stock data found in CSY (various years) and the TFP growth estimates were largely unaffected. These results are available from the authors upon request.
Results
We implemented the methodology described in Sections 3 to 5 using the DPIN software written by O'Donnell (2010b Before presenting estimates of provincial TFP growth and its components, we first discuss some of the findings in terms of levels. Table 2 shows the TFP-maximising province in each year. These results are intuitively plausible. The TFP maximising province at the beginning of the reform period was Shanghai, China's traditional commercial and financial hub. China's capital, Beijing, became the most productive province in the mid-1980s and maintained that status until the early 1990s. Since then, apart from Liaoning in 1993, the TFP-maximising province has been Guangdong. Guangdong borders Hong Kong SAR and hosts three Special Economic Zones, including Shenzhen, and has been the conduit for China's remarkable reintegration into the global economy (Kueh, 1992) . Moreover, Guangdong has also been at the forefront of domestic policy liberalisation. For example, Wang, et al. Table 2 are coastal provinces.
[ Table 2 and 83% over the sample period. Throughout the coastal provinces were more technically efficient than their inland counterparts. Figure 3 provides no evidence to support the "catch-up" hypothesis: the difference in technical efficiency between coastal and inland provinces was even greater at the end of the period than at the beginning. In 2008, the average technical efficiency of inland provinces was only 65%. Interestingly, the average technical efficiency of both coastal and inland provinces fell in the second half of the reform period. Results reported later in this section indicate that this is almost certainly due to outward shifts in the production frontier (i.e., technical change) rather than declining levels of provincial TFP. That is, the frontier has been moving away from the provinces rather than the provinces dropping away from the frontier. Figure 4 shows that average scale efficiency was high during the first half of the reform period, fluctuating between 85-95%. Moreover, there were no discernable differences in scale efficiency between coastal and inland provinces. However, this began to change in the second half of the reform period. While coastal provinces maintained average scale efficiency scores of around 95%, the average across inland provinces fell to less than 85%.
The news is more positive for inland provinces with respect to mix efficiency. Figure 5 shows that the average level of input mix efficiency across inland provinces increased from approximately 60% at the beginning of the sample period to 90% at the end. Thus, changes in the capital to labour ratio appear to have increased TFP in inland provinces by approximately (0.9/0.6 -1) = 50%. Observe from Figure 5 that the average level of input mix efficiency in inland provinces at the end of the sample period was slightly higher than the average for coastal provinces.
We now turn to a discussion of estimates of TFP change and its components. Figure 6 presents the average across all provinces of the Hicks-Moorsteen TFP index defined by (8). It also presents the technical change, technical efficiency change and scale-mix efficiency change components of TFP change identified in equation (10). Recall that technical change represents shifts in the best-practice frontier; technical efficiency change represents movements towards (or away from) the best practice frontier, while scale-mix efficiency change represents movements around the best practice frontier surface. The indexes depicted in Figure 6 are arithmetic 9 averages across provinces. Table 3 presents numerical estimates of TFP change and its decomposition by province. For each province the average rate of TFP growth, along with its components, is given over the full sample, as well as in two subperiods, 1978-1993 and 1994-2008 . This is done in a bid to ascertain whether any changes in productivity patterns have occurred over time. The average rate of TFP change across all provinces, as well as the average across coastal provinces and inland provinces, is also presented at the end of the table.
9 Our use of arithmetic averages for presentation purposes means that the indexes presented in Table 3 will not satisfy equation (10) exactly.
[ Table 3 here]
The main findings are as follows: a) Average productivity has improved over the thirty year period. According to the estimates provided at the end of Table 3 , the average annual rate of TFP growth across provinces over the full sample was 2.23%. This figure is firmly in the mid-range of estimates found in the existing literature (and reported in Section 2). As such, while not trivial, it can best be described as a moderate rather than high rate of growth. Observe from Figure 6 that average levels of TFP in 2008 were approximately 2.5 times higher than they had been in 1978.
b) Rates of productivity growth were higher in the second half of the reform period than in the first half. Observe from Table 3 that the average annual rate of TFP growth across all provinces rose from 1.99% in the first half of the reform period to 2.47% in the second half.
c) The main driver of productivity growth over the sample period has been technical change.
Large increases in TFP due to technical change have been offset by small declines in TFP due to lower efficiency. Observe from the bottom of Table 3 that the average annual rate of technical change across all provinces over the full sample was 3.41%, while the average annual rate of efficiency change was -1.06%.
d) There have been large changes in the composition of productivity growth between the two sub-periods. Observe from Figure 6 that technical change was particularly rapid in the second half of the reform period. In the first half of the reform period, technical change and efficiency change both contributed positively to TFP growth (at average annual rates of 0.79% and 1.21% respectively). In the second half, however, the only driver of TFP growth was technical change (at an average annual rate of 6.02%; efficiency change was a drag on TFP growth). Such findings illustrate the valued-added associated with using a TFP index that is multiplicatively complete and can be decomposed into unambiguous measures of technical change and efficiency change.
e) There were significant differences in rates of TFP growth between coastal and inland regions.
The average annual rate of TFP growth in coastal provinces over the sample period was 3.90%. The corresponding figure for inland provinces was just 1.26%. Moreover, the results for the two sub-periods show that the average annual rate of TFP growth across coastal provinces accelerated in the second half of the reform period, rising from 3.13% to 4.68%, while it slowed in the case of inland provinces, falling from 1.34% to 1.19%. The TFP growth decomposition shows that while both groups experienced deteriorating efficiency in the second half of the reform period, the deterioration was particularly pronounced amongst inland provinces.
f) There were significant differences in rates of TFP growth from province to province. Over the sample period, the province that experienced the fastest average annual growth rate of TFP was Hainan at 7.88%. This was closely followed by Guangdong at 7.22%. The slowest was
Anhui at -1.84%. This heterogeneity reflects vastly different rates of efficiency change. For example, in the case of Hainan the average annual rate of efficiency change was 4.48%, compared with -4.98% in the case of Anhui.
g) There were significant differences in the components of efficiency change from province to province. For example, both Hainan and Guangdong experienced rapid efficiency change at 4.48% and 3.78%, respectively. However, in the case of Hainan, efficiency change could mostly be attributed to scale-mix efficiency change, whereas in the case of Guangdong it could mostly be attributed to technical efficiency change. In the case of Anhui, which recorded the lowest rate of efficiency change, technical efficiency change and scale-mix efficiency change contributed in roughly equal measure. The heterogeneity noted in f) and g) highlight the value-added associated with undertaking a decomposition of TFP growth using provincial-level data.
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In Section 1 it was noted that productivity and efficiency change lies at the heart of many of the key development challenges facing China's economy. The above results only serve to heighten our earlier concerns regarding the sustainability of China's rapid economic growth. A significant finding is that moderate rates of provincial TFP growth were mainly due to technical change and not to improvements in the efficiency of resource use. This suggests that China's rapid growth remains largely tied to a growth model that emphasises high rates of investment and exports. It is possible that domestic savings rates will remain high into the medium run before the impact of demographic changes begin to bite.
However, it is very difficult to conceive a situation in which foreign countries such as the US will remain willing to consume China's excess production. While domestic consumers may pick up some of the slack, there are good reasons to be pessimistic. Despite the rhetoric from the Chinese government regarding the need for higher rates of private consumption growth, the reality is that household savings rates steadily increased throughout the 2000s. This was driven in large part by precautionary motives (Chamon, et al., 2010) . Progress with respect to much needed institutional reforms, such as establishing and funding a nationwide social security system, has been incremental at best.
The results also suggest that addressing growing provincial income inequality will prove particularly challenging. Specifically, the Chinese authorities cannot rely on the "catch up" phenomenon to help their cause. While traditional growth theory posits that provinces with initially low TFP levels should experience relatively rapid TFP growth, the results point to the contrary: differential rates of TFP growth between coastal and inland provinces have in fact exacerbated widening provincial income inequality.
Finally, the fact that the components of efficiency change varied considerably from province to province suggest that a broad suite of policy measures will be needed to address inefficiency. As noted in Section 1, the types of policies that are designed to address technical inefficiency, such as education, training and extension programs, are distinct from those that are designed to address scale-mix inefficiency, such as taxes and subsidies intended to affect relative prices. Policies that affect relative prices are especially important because price variations can lead rational optimising firms to make different input and output choices. Not only do these different input and output choices translate into different measures of efficiency and TFP, they also translate into different levels of income. Thus, variations in prices (and, for that matter, other production incentives) across provinces and over time can help explain variations in levels of TFP and income. A corollary is that policies designed to equalise prices (and other incentives) across provinces may lead to productivity convergence and a reduction in provincial income inequality.
Conclusion
This paper provides new estimates and a decomposition of provincial-level total factor productivity (TFP) change in China from 1978 to 2008. The investigation was motivated by the fact that productivity change lies at the heart of some of the key development challenges facing China's economy. Several previous studies have dealt with productivity change at the provincial level but these suffer from a number of shortcomings, most notably with respect to methodology. Most indexes of total factor productivity (TFP) change can be decomposed into three intrinsically different components:
technical change (measuring shifts in the best-practice frontier), technical efficiency change (measuring movements towards or away from the frontier) and scale and mix efficiency change (measuring movements around the frontier surface to capture economies of scale and scope). Many previous estimates of productivity change for provincial China have been computed using a growth accounting approach. The problem with this approach is that it makes overly restrictive assumptions concerning the nature of technical change (i.e., technical change is Hicks-neutral), levels of efficiency (i.e., all provinces are fully technically, scale and mix efficient), and market structure (i.e., markets are perfectly [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] can be attributed to both technical change and efficiency improvement. However, in the second half of the reform period (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) it can be attributed to technical change alone. Indeed, we find that that average levels of technical and scale efficiency fell during the second half of the reform period, particularly in inland provinces. We attribute these lower efficiency estimates to an especially high rate of technical change, not to a decline in the ability of Chinese producers to transform inputs into outputs. We conjecture that Chinese producers have been increasing their productivity levels but at a rate that leaves them lagging behind a rapidly shifting frontier.
The above results point to a number of policy challenges for the Chinese authorities. First and foremost they raise serious concerns regarding the sustainability of rapid economic growth, which has to date been driven by a growth strategy that emphasises high rates of investment and exports. Secondly, the results suggest that the authorities cannot simply rely on the "catch up" phenomenon to drive a convergence in income across provinces. Provincial TFP growth appears to have exacerbated the problem of provincial income inequality, not ameliorated it. Thirdly, given that the sources of inefficiency vary from province to province, the results suggest that there exists no one-size-fits-all approach to improving efficiency. Rather, a broad policy suite will be needed.
The above analysis uses non-parametric techniques (i.e., DEA) to provide estimates of provincial TFP change. A useful extension, which we leave for future research, would be to undertake a similar exercise using parametric techniques (i.e., SFA). A disadvantage of SFA is that it requires an arbitrary assumption about the algebraic form of the production function, but it has the advantage that it is relatively easy to conduct formal tests of statistical significance. 1978 1980 1982 1984 198 198 1990 1992 1994 1996 1998 2000 2002 2004 
